Puberty is characterized by mood swings and anxiety, which are often produced by stress. Here we show that THP (allopregnanolone), a steroid that is released as a result of stress, increases anxiety in pubertal female mice, in contrast to its anxiety-reducing effect in adults. Anxiety is regulated by GABAergic inhibition in limbic circuits. Although this inhibition is increased by THP administration before puberty and in adults, during puberty THP reduces the tonic inhibition of pyramidal cells in hippocampal region CA1, leading to increased excitability. This paradoxical effect of THP results from inhibition of a4bd GABA A receptors. These receptors are normally expressed at very low levels, but at puberty, their expression is increased in hippocampal area CA1, where they generate outward currents. THP also decreases the outward current at recombinant a4b2d receptors, and this effect depends on arginine 353 in the a4 subunit, a putative site for modulation by Cl -. Therefore, inhibition of a4b2d GABA A receptors by THP provides a mechanism for the generation of anxiety at puberty.
Puberty is characterized by mood swings and anxiety, which are often produced by stress. Here we show that THP (allopregnanolone), a steroid that is released as a result of stress, increases anxiety in pubertal female mice, in contrast to its anxiety-reducing effect in adults. Anxiety is regulated by GABAergic inhibition in limbic circuits. Although this inhibition is increased by THP administration before puberty and in adults, during puberty THP reduces the tonic inhibition of pyramidal cells in hippocampal region CA1, leading to increased excitability. This paradoxical effect of THP results from inhibition of a4bd GABA A receptors. These receptors are normally expressed at very low levels, but at puberty, their expression is increased in hippocampal area CA1, where they generate outward currents. THP also decreases the outward current at recombinant a4b2d receptors, and this effect depends on arginine 353 in the a4 subunit, a putative site for modulation by Cl -. Therefore, inhibition of a4b2d GABA A receptors by THP provides a mechanism for the generation of anxiety at puberty.
The onset of puberty is associated with increases in emotional reactivity and anxiety 1, 2 . Responses to stressful events are amplified 3 , and anxiety and panic disorder first emerge at this time 2 , being twice as likely to occur in girls as in boys 2 . In addition, suicide risk increases in adolescence, despite the use of adult-based medical strategies 2 . However, few studies have addressed the biological basis of these effects.
The GABA A receptor is pivotal in the generation of anxiety 4 . This receptor is the target for endogenous steroids such as THP (3a-OH-5a[b]-pregnan-20-one or [allo]pregnanolone), physiological concentrations of which increase GABA-gated currents 5 . THP is a metabolite of the ovarian/adrenal steroid progesterone, but is also formed in the brain as a compensatory response to stress 6 . In adult humans, THP potently reduces anxiety 7 , and direct administration of THP into the dorsal CA1 region of the hippocampus has the same effect in animal models 8 . This area of the hippocampus is part of the limbic system, which regulates emotion. It is generally accepted that the GABA-enhancing action of THP underlies its well-known anxiety-reducing effect in adults, which is similar to the effects of other GABA-enhancing drugs such as the benzodiazepines.
GABA A receptors are pentamers that are most often formed of 2a, 2b and 1g subunits 9 . They gate a Cl -current and produce most of the fast synaptic inhibition in the brain. Substitution of the d subunit for g2 yields a receptor with the highest sensitivity to steroids such as THP [10] [11] [12] . These highly sensitive d-GABA A receptors are extrasynaptic 13 , and mediate tonic rather than synaptic inhibition in areas such as the dentate gyrus 14 . In this part of the brain, THP and related steroids enhance inhibition by selectively increasing the tonic current 14 at physiological concentrations (o40 nM) 15 .
Expression of a4bd GABA A receptors is normally very low in other areas of the brain, such as area CA1 of the hippocampus 16 , which regulates anxiety 8 . However, fluctuating levels of THP can increase the expression of a4 and d subunits in this region, an effect that is paradoxically correlated with anxiety, in some cases produced by THP in female rodents [17] [18] [19] . Because the onset of puberty is a natural hormonal transition that is associated with increases in anxiety, we tested whether pubertal development was associated with increased expression of a4bd GABA A receptors in hippocampal area CA1.
Factors other than the expression of a4bd receptors can influence the level of inhibition in CNS circuits. In particular, the direction of Cl -current varies among CNS regions: in limbic regions of the brain that normally express a4bd GABA A receptors, such as the dentate gyrus, the Cl -current is inward (reflecting outward Clflux) 20 . However, in CA1 hippocampal pyramidal cells, both dendritic and somatic GABAergic currents are normally outward in response to the low concentrations of GABA [21] [22] [23] that would be found extrasynaptically 24 . Therefore, we also determined whether the effect of THP on a4b2d receptors depended on the direction of the Cl -current, using patch-clamp recording techniques with recombinant receptors expressed in human embryonic kidney (HEK)-293 cells as well as in hippocampal slices. These studies were designed to determine whether the anxiety response to stress at puberty in females involves a change in the response of GABA A receptors to a stress steroid.
RESULTS

Effects of THP on a4b2d GABA A receptors
In contrast to its effect at other receptor subtypes, 30 nM THP decreased the outward GABA(1 mM)-gated Cl -current through recombinant a4b2d receptors expressed in HEK-293 cells by 28 ± 3% (mean ± s.e.m., P o 0.05; Fig. 1a,b, Supplementary Fig. 1 and Supplementary Table 1 online), recorded at -50 mV with whole-cell patch-clamp techniques. When assessed across a range of voltage steps ( Fig. 1c and Supplementary Fig. 2 online) , THP significantly decreased the conductance of the outward current by 36-43%. This effect was not directly influenced by the membrane potential (Fig. 1c) . In experiments where we varied the reversal potential for Cl -by altering the internal Cl -concentration, THP produced equivalent decreases in outward current at a similar Cl -driving force when assessed at different membrane potentials. However, THP application did not itself alter the reversal potential for Cl - (Fig. 1c,d and Supplementary Fig. 2 ), indicating that it does not alter non-GABA-gated conductances. We found similar decreases in outward current when we assessed the effects of THP using a voltage ramp (Fig. 1d) . By contrast, THP robustly increased inward currents through these receptors (Fig. 1a,b) .
The concentration of GABA used here (1 mM) is an EC 75 for a4b2d GABA A receptors ( Supplementary Fig. 1) , and represents the GABA concentration to which extrasynaptic GABA A receptors, such as a4bd, would be exposed 24 . By contrast, 30 nM THP applied without GABA had no effect (data not shown). We also studied various receptor subtypes using an EC 20 concentration of GABA (5-10 mM for most receptors, Fig. 1b) . In contrast to its effects at a4b2d, THP either increased or had no effect on the outward current at a1b2d, a4b3d, a1b2g2, a4b2g2 and a5b2/3g2 receptors (Fig. 1a,b) . Thus, the inhibitory effect of THP depends on the presence of a4, b2 and d subunits, and is selective for the active 3a-OH isomer, but not the inactive 3b-OH isomer 5 , of THP (Fig. 1e) .
One mechanism by which THP could decrease the outward current at a4b2d GABA A receptors is by accelerating receptor desensitization 11 . Therefore, we used rapid application techniques to administer saturating concentrations of GABA (100 mM) for 2 s to HEK-293 cells expressing a4b2d GABA A receptors. Administration of 30 nM THP increased the desensitization of outward currents from 8 ± 2% to 87 ± 5.6% (100 mM GABA, P o 0.001; Fig. 1f) , with a markedly faster timecourse (t ¼ 230 ± 35 ms versus pre-THP t ¼ 1,700 ± 200 ms; P o 0.001). Although the peak current was unchanged by steroid exposure, the amplitude of the desensitized current less than 50 ms after application of GABA was significantly smaller than the control amplitude. This desensitized state is relevant for tonic current, which is equivalent to the steady-state current. Consistent with this, the decrease in outward steady-state current was correlated with GABA concentration, and THP produced a greater decrease in current gated by higher concentrations of GABA, for which desensitization is more pronounced (Fig. 1a,f, Supplementary Figs. 1 and 2) Residues required for THP inhibition of a4b2d receptors The a1 and a4 subunits have the least homology in the intracellular loop region (Fig. 2a) , which might contribute to the permeation pathway in the Cys-loop family of receptors 25, 26 . Because charged residues are ion sensor sites in membrane proteins [25] [26] [27] , we investigated whether positively charged residues in the loop might mediate the Cl -dependent effects of THP at a4b2d receptors. Mutation of a positively charged arginine (R) at position 353 to a neutral glutamine (Q) or cysteine (C) residue in the a4 subunit prevented the steroid-induced reduction in outward current of a4b2d GABA A receptors expressed in HEK-293 cells (Fig. 2b -e, Supplementary Tables 2-4 online), whereas mutation of R353 to another basic residue, lysine (K), did not prevent the inhibition of outward current by THP (Fig. 2b,c,e) . Mutations at nearby arginine or lysine residues (R351Q, K352Q, K316Q, K317Q and K318Q) had no effect (Fig. 2b,c,e) , indicating that residue 353 might be uniquely involved in the steroid-mediated inhibition of the outward current. By contrast, THP increased the inward current through a4(R353Q)b2d GABA A receptors, and this mutation did not alter the sensitivity to GABA or the E Cl , determined before and after administration of THP (Fig. 2d,e) . These results indicate that a basic residue at position 353, a putative Cl -modulatory site, is necessary and sufficient for Cl --dependent inhibition of a4b2d GABA A receptors by THP.
Localization of a4 and d subunits in CA1 hippocampus a4bd receptors are normally expressed at very low levels on pyramidal cells in the hippocampal CA1 region 16 . Given the effects of THP at these receptors, we hypothesized that their expression might be altered during puberty, when the anxiety response to stress is increased 3 . Initially, we used immunohistochemistry to localize a4 and d subunits in area CA1 of female mice at the onset of puberty, defined as the first metestrus stage after vaginal opening. The expression of a4 and d subunits was markedly increased along the pyramidal cell dendrites in the stratum radiatum of hippocampal region CA1 at puberty (Fig. 3a,b ) from almost undetectable levels before puberty, as reported in the adult 16 . The expression of both a4 and d subunits was increased by up to twofold (P o 0.05) at the onset of puberty (Fig. 3c,d and Supplementary Table 5 online), as quantified using western blotting.
Puberty and hippocampal THP levels
In addition to upregulation at the onset of puberty, the expression of a4 and d subunits increases in the adult hippocampus when circulating levels of THP decrease (THP withdrawal) 17, 19 . Therefore, we investigated whether endogenous THP levels decrease across pubertal development. Hippocampal THP declined by 56 ± 12% (P o 0.05, n ¼ 8) at the onset of puberty. This is consistent with the finding in humans 
↓65 ± 8%
↓60 ± 10% that fluctuating levels of THP follow prolonged elevations of the steroid before puberty 28 .
The decline in THP in the mouse hippocampus was similar to that produced by administration of a 5a-reductase blocker (58 ± 10%), which prevents the formation of THP 18 . The expression of a4 and d subunits also increased after THP withdrawal (Fig. 3c,d ). Because increased expression of a4 and d subunits at the onset of puberty was prevented by the administration of replacement THP (10 mg kg -1 day -1 for 3 days; Fig. 3c,d ), these results indicate that declining levels of THP at puberty trigger the expression of a4 and d subunits. By contrast, the expression of the a5 subunit, which underlies most tonic inhibition in the CA1 area of the hippocampus 29 , was unchanged by puberty (data not shown).
THP and tonic current GABA A receptors that contain a4 and d subunits are localized to extrasynaptic sites 13 , where they generate a tonic current that responds to low concentrations of steroid 14 . Therefore, we reasoned that THP would reduce the outward tonic GABAergic current after puberty, when a4bd receptors are expressed at high levels. Selective pharmacological tests ( Supplementary Fig. 3 and Supplementary Table 6 online) verified increased a4bd expression suggested by immunocytochemical and western blot detection (Fig. 3) . We used whole-cell patch clamping to record from pyramidal cells in the CA1 region of hippocampal slices from pubertal mice, with low internal [Cl -] to achieve outward current. Under these conditions, 30 nM THP reduced the tonic current (Fig. 4a,b , Supplementary Table 7 online) by 48 ± 6%. On the basis of our findings with recombinant receptors, we also predicted that the inhibitory effect of THP on tonic GABAergic currents would be prevented if the direction of the Cl -current were reversed. As predicted, THP increased the tonic GABAergic current when the cell was loaded with Cl -to produce inward current (Fig. 4a,b) . For these recordings, the synaptic current was selectively blocked with a low concentration of the GABA A receptor antagonist gabazine 30 (200 nM) to isolate the tonic current.
By contrast, THP increased the outward tonic current before puberty and in knockout mice lacking the d subunit after puberty (Fig. 4a,b) , both of which are conditions where there are few a4bd GABA A receptors. THP produced similar decreases in outward current after THP withdrawal (Fig. 4b) indicating that the decline in endogenous THP at puberty results in this paradoxical inhibitory effect of the steroid on outward tonic current. In contrast to the steroid-induced decrease in tonic current, baseline levels of tonic current were increased at puberty (Fig. 4a) compared to levels in pre-pubertal slices.
Cell-attached and perforated-patch recordings
To determine whether the inhibition of GABAergic current by THP at puberty was a physiological phenomenon, we initially verified that GABA-gated currents were outward in CA1 hippocampal pyramidal cell dendrites at the onset of puberty. To this end, we recorded the change in membrane potential produced by local application of the GABA agonist gaboxadol (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol; THIP) to the apical dendrite in the stratum radiatum of hippocampal slices. We recorded the voltage change in current-clamp mode from the soma using tight-seal cell-attached techniques 31 , and verified that the GABAergic dendritic current was hyperpolarizing (Fig. 4c) , as suggested by other reports 22, 23 .
One complication of whole-cell patch-clamp recording is that normal ionic gradients are disrupted. Therefore, to verify that THP reduced tonic GABAergic currents in intact cells with unperturbed internal Cl -, we directly recorded pharmacologically isolated tonic GABAergic currents from the soma using perforated-patch voltage-clamp techniques in hippocampal slices. To rule out potential presynaptic effects, we used 1 mM tetrodotoxin (TTX) to block activity-driven GABA release, and instead we generated postsynaptic currents by adding 1 mM GABA to the bath solution. Under these conditions, 30 nM THP depressed the outward GABAergic current by 40 ± 8% in slices from pubertal animals (Fig. 4d,e) . THP also decreased the GABA-gated conductance (Fig. 5a,b) , assessed as the slope of the gabazine-sensitive current in response to 10 mV steps (-60 to -40 mV). However, THP did not alter the reversal potential (Fig. 5a ), indicating that it did not alter the conductances of other channels. THP had no effect on the postsynaptic GABAergic tonic current (Fig. 4d,e) before puberty, when a4bd expression is low (Fig. 3) , in contrast to its effects at puberty. THP also reduced the outward tonic current in pre-pubertal thalamic relay neurons by 57 ± 12% (P o 0.05, n ¼ 6; data not shown). These neurons normally express high levels of a4b2d receptors 16, 32 that underlie a tonic current 32 , and the GABA-gated current is outward 33 . Thus, a4b2d GABA A receptor expression and outward Cl -current are necessary and sufficient for the paradoxical effect of THP.
THP and neuronal excitability
We reasoned that the decrease in the tonic dendritic GABAergic conductance that was produced by THP at puberty would increase the input resistance. When we calculated the input resistance from the current response to 10 mV steps (-60 to -40 mV) in the hippocampal slice, THP increased it by 38 ± 5% ( Supplementary Fig. 4, Supplementary Tables 8 and 9 online). This effect was not seen in slices from d -/-mice, and was prevented by preapplication of 120 mM gabazine, showing that alterations in the GABAgated conductance underlie the change.
THP-mediated increases in the input resistance would be predicted to increase neuronal excitability at puberty. Indeed, THP significantly (P o 0.001) increased spiking at this time, as assessed in cell-attached mode 31 with unperturbed internal Cl - (Fig. 5c,d and Supplementary Tables 10 and 11 online). Baseline neuronal excitability was reduced at puberty, however, as expected for an increase in tonic current. To determine which cellular characteristics might underlie this event, we also conducted whole-cell recordings (Fig. 6a,b) in current-clamp mode to monitor the spiking of CA1 hippocampal pyramidal cells in response to progressively increasing injected current. THP reduced the amount of current that was needed to trigger a spike at puberty (Fig. 6a,b) . THP also increased the action potential frequency in these cells (Fig. 6a,b) , without changing their spiking characteristics or other membrane properties such as voltage threshold, action potential amplitude or action potential half-width (Fig. 6b,  Supplementary Tables 12 and 13 online) . Although the onset of puberty could be associated with a 'sag' in the voltage response to hyperpolarizing current injection, indicating the presence of I h (a hyperpolarization-induced cation current), selective blockade of this current with 20 mM ZD 7288 did not prevent the excitatory effect of THP on CA1 hippocampal pyramidal cells (Fig. 6a,b) . Blockade of I h altered the after-hyperpolarization to more closely approximate its pre-pubertal level, also ruling out changes in afterhyperpolarization as a potential mechanism for the effect of THP at puberty. This excitatory effect of THP on neuronal firing was not observed in hippocampal slices from d -/-mice, indicating that it involves d-containing receptors. By contrast, before puberty, THP decreased neuronal excitability (Figs. 5c,d, 6a,b) , as shown by a decrease in the current threshold for spiking and a reduced spike frequency at threshold.
THP, stress and anxiety behavior
Consistent with the in vitro findings, the onset of puberty reversed the behavioral effect of THP from decreasing anxiety, as normally observed 8 , to increasing anxiety (Fig. 7a, Supplementary Tables 14 and 15 online). To study this, we used an animal model in which the time spent on the open arm of an elevated plus maze reflects a decrease in anxiety 18 . After the onset of puberty, acute administration of THP at a physiological dose (10 mg kg -1 , intraperitoneally) decreased the time spent on the open arm by 35 ± 8%, without changing locomotor activity. THP has similar paradoxical anxiety-producing effects after THP withdrawal 18 , when the expression of a4bd GABA A receptors is increased. Because endogenous THP is released by stress 6,34 , we also tested this physiological outcome by assessing anxiety behavior 20 min after restraint stress. As predicted by the anxiogenic effect of THP, restraint stress also significantly increased anxiety in pubertal mice (decreasing open arm time by 27 ± 2.6%, P o 0.05), in contrast to its anxiety-reducing effect in pre-pubertal and adult mice (Fig. 7a) .
Stress is also associated with activation of the hypothalamo-pituitary-adrenal axis 35 . Therefore, we verified that the effects of restraint stress were due to THP by pre-administering its inactive 3b-OH isomer, an antagonist of THP at GABA A receptors 36 (Fig. 1b) , and blocking endogenous THP formation. Both of these manipulations prevented the stress-induced increase in anxiety (Fig. 7a) . Stress-related increases in anxiety after puberty were not observed in d -/-mice, indicating that d-containing receptors are involved. We also administered replacement THP at puberty to prevent the decline in THP. Animals tested after this steroid replacement paradigm did not exhibit an anxiety response to stress, indicating that the decline in THP underlies the anxiety-producing effect of stress. By contrast, the various developmental and treatment groups showed similar levels of anxiety (Fig. 7b) and locomotor activity (mean change ¼ 1.6 ± 3%) when not exposed to stress.
DISCUSSION
Our results show that the effects of the neurosteroid THP can reverse from enhancing GABA-gated current to inhibiting current at a4b2d GABA A receptors in a Cl --dependent manner. The expression of these receptors increased in the CA1 region of the hippocampus at the onset of puberty, where they generated an outward current. Under these conditions, THP paradoxically increased anxiety, in contrast to its anxiety-reducing effect in pre-pubertal and adult animals 8 .
The inhibitory effect of THP on outward currents at a4b2d GABA A receptors depended on arginine 353 in the intracellular loop of a4, a Voltage responses recorded in response to increasing 0.3-nA current injection (initial current -1 nA) for slices taken before puberty (pre-pub) or at puberty in wild-type (pub) or d -/-(pub d -/-) mice. The THP trace lacks the 800-pA current trace for ease of comparison. Inset, spiking at threshold: 800 pA, pre-THP; 500 nA, THP, in a non-spiking pubertal cell. In some cases, I h was blocked with 20 mM Zd 7288 (Pub + Zd 7288). Red trace, equivalent current injection, threshold for the less excitable state. Blue trace, equivalent current injection, threshold for the more excitable state. (b) Current clamp recordings, mean ± s.e.m. averaged from 7-8 cells for each group. I threshold , current threshold to spiking; Vm threshold , voltage threshold to spiking; AP, action potential; amp, amplitude. Spike frequency was assessed at the minimum current required to produce spiking in both pre-and post-THP traces. *P o 0.05 versus pre-pub.
basic residue that might act as a modulatory site for Cl -. Recent studies indicate that ion sensor sites can regulate other events, such as the activation by Cl -of HCN subunits that mediate I h (ref. 27 ). In addition, the discovery of a cation-triggered phosphorylation event in a membrane protein lacking an ion pore 37 indicates that ion sensor sites regulate aspects of neuronal function beyond than ion conductance. The modulatory effects of Cl -have been noted before 38 , and are necessary for the modulatory effects of barbiturates and benzodiazepines on GABA receptors. In addition, the intracellular loop of the Cysloop family of receptors is accessible to ions 25, 26 , whereas for other membrane receptors this loop functions not only as a permeation pathway, but also as a site that is needed for rapid desensitization 39 . THP promotes rapid desensitization of the receptor, which leads to a reduction in current amplitude. Direction-sensitive changes in the rate of desensitization have been reported for GABA A receptors, including the homologous a6b3d receptor 11 , at which the outward Cl -current desensitizes more then the inward current. Our data are consistent with the finding that neurosteroids facilitate the desensitization of d-containing GABA A receptors 40 , but in addition show that low nanomolar concentrations of THP are effective at a physiologically relevant ambient concentration of 1 mM GABA 24 .
The a4 and d subunits are co-expressed with the b2 subunit extrasynaptically 13, 32 . These a4b2d GABA A receptors have a high sensitivity to low concentrations of GABA 19 and a relative lack of desensitization 40 , making them ideally suited to generate a tonic current. However, by increasing the desensitization of a4bd GABA A receptors at puberty, THP reduced the tonic inhibition of CA1 hippocampal pyramidal cells. This reduction in conductance along the dendrites increased the input resistance of the neurons in a similar effect to the blockade of dendritic K + channels 41 . Increasing the input resistance would allow ongoing excitatory synaptic currents to produce a larger depolarizing effect on the cell body of the neuron, thereby increasing the likelihood of triggering an action potential. Alterations in this type of shunting inhibition can affect sub-threshold events and drive a higher firing frequency 42 , consistent with our results. By contrast, neither the action potential characteristics nor the voltage threshold for triggering an action potential was altered, indicating that changes in excitatory transmission were not affected by THP. Other conductances, such as I h and the K + channel current, were similarly not involved in the excitatory effects of THP, which were solely dependent on the presence of d-containing GABA A receptors.
Our findings indicate that the effects of THP predominate at the output neurons of the hippocampus at puberty. At this time, application of THP reduced tonic inhibition generated by either ambient GABA or exogenous GABA added to the slice while blocking interneuron activity with TTX. This effectively led to increases in the excitability of CA1 pyramidal cells. Increases in the excitability of the output neurons of the hippocampus produced by THP would affect the behaviors that are influenced by this limbic structure 8 , leading to increased emotional reactivity, which we observed. Recent evidence 43 indicates that the anxiety-reducing effect of benzodiazepines is due to direct modulation of the tonic current, as is the anti-seizure effect of the GABA agonist gaboxadol 44 .
In contrast to its effect at puberty, THP had no effect on the postsynaptic tonic current recorded from CA1 pyramidal cells before puberty, when the expression of a4bd receptors is low 16 . This is consistent with the finding that the extrasynaptic receptors that are present at this time, which contain the a5 subunit 29 , are relatively insensitive to THP 12 . By contrast, a4b2d receptors are expressed at high levels on the dendrites of dentate gyrus granule cells 16 , where the GABAergic current is inward 20 . THP and related steroids enhance the inhibition of this limbic structure 14 , consistent with their anxietyreducing effects before puberty and in adults 8 .
The anxiety-promoting effect of THP at the onset of puberty might contribute to the aversive effects of stress that emerge at puberty in humans 3 . Unlike the effects of corticosterone, which are long-lasting 45 , the release of THP is a relatively short-term response to acute stress, because it is produced directly in the hippocampus 46 . Its effects last one to two hours and are accompanied by decreases in anxiety 6 , as shown in rodents 47 and humans 34 . The metabolite of corticosterone THDOC (5a-pregnane-3a, 21-diol-20-one) is also released after stress 47 , and as a similar neuroactive steroid, it probably contributes to the effect of THP. Baseline levels of anxiety were not altered by puberty in female mice. Instead, the stress-induced increase in anxiety produced by THP in adolescent females might be seen as a transient increase in anxiety, reflected as a 'mood swing' . Emotional changes also occur in males, but these might also involve changes in male-specific steroids 45 , which can also alter mood.
Fluctuations in steroid concentrations in adults also result in anxiety-producing effects of THP or its precursor, progesterone. These include premenstrual syndrome 48, 49 and post-menopausal irritability 50 . Together, these results indicate that a reversal of the normal anxiety-reducing effect of THP on a4b2d GABA A receptors might To test the role of THP release in the stress response, in some cases the inactive 3b-OH isomer of THP (stress + 3b-OH-THP) or finasteride were preadministered. Replacement THP (10 mg kg -1 , intraperitoneally, in oil, for three days) was also administered to prevent the decline in THP at puberty. n ¼ 6-9 mice for each group. *P o 0.05 versus control, **P o 0.05 versus pre-pub. (b) Open arm time (mean ± s.e.m.) for all control groups not subjected to restraint stress.
represent an adaptive response to steroid fluctuations when increases in emotional reactivity occur.
METHODS
Animal subjects. Pre-pubertal and pubertal female C57/BL6 mice (3.5-6 weeks old, wild-type and d -/-) were housed under a reversed light:dark cycle (12h:12h). In some cases, adult (3-month-old) female C57/BL6 mice were also tested. The onset of puberty was determined by vaginal opening, and pubertal mice were tested on the day of first metestrus, as identified by vaginal morphology. Pre-pubertal mice were tested before the beginning of puberty. Only female mice were used. In some cases, pubertal mice were given replacement THP (10 mg kg -1 , intraperitoneally, in oil, for 3 days) to prevent the decline in THP that occurs at this time. Procedures were in accordance with the guidelines of the SUNY Downstate Institutional Animal Care and Use Committee.
Radioimmunoassay for 3a,5a-THP. Hippocampal levels of 3a,5a-THP were assessed by radioimmunoassay (RIA) during the nocturnal surge 15 , 1 h after dark onset, as described (see Supplementary Methods online).
Western blot. Procedures were performed on hippocampal membranes at protein concentrations in the linear range (5-10 mg), as described 17 In some cases, current-voltage curves were constructed using the peak current response to agonist or agonist plus THP across a range of holding potentials (-60 to +60 mV) applied as 10-mV steps, or as a voltage ramp generated by ramping the membrane potential from -60 to +60 mV (over 400 ms) in the presence of 1 mM GABA. Ramps are presented as the average of three traces after subtraction of the leak current (obtained in the absence of GABA). Currents were recorded using an Axopatch 1D amplifier (Axon Instruments) filtered at 2 kHz (four-pole Bessel filter), detected at 10 kHz and analyzed with pClamp 9.2. Desensitization rate was determined using nonlinear curve-fitting routines (Origin, Microcal; see Supplementary Methods).
Hippocampal slices. See Supplementary Methods. Pyramidal cells in CA1 hippocampal slices (400 mm) or thalamic relay neurons were visualized using DIC-microscopy and recorded at -50 or -60 mV at room temperature (20-22 1C) using whole-cell patch-clamp procedures (Axopatch 200B amplifier, Axon Instruments; 20-kHz sampling frequency, 2-kHz 4-pole Bessel filter) and pClamp 9.2 software. The direction of Cl -current was varied by altering internal [Cl -] (K-gluconate and KCl, internal solution) or by applying 10-mV voltage steps (-90 to -10 mV, 2 s). Kynurenic acid (2 mM) and TEA (5 mM) were added to the bath solution to isolate the GABAergic current, and 200 nM gabazine was added to isolate the non-synaptic GABAergic current 30 . Action potential-driven GABA release was blocked with 1 mM TTX, and 1 mM GABA was added to generate a postsynaptic GABA-gated current.
Tonic current was recorded as the difference in current produced by the selective GABA A receptor antagonist gabazine (120 mM) before and after treatment with 30 nM THP 14, 29 , and gramicidin perforated-patch recordings 33 were accomplished using 140 mM KCl plus 25 mg ml -1 gramicidin in the pipette solution, recorded when the access resistance dropped to o60 MO after tight seal formation. We estimated the direction of Cl -current by recording using tight-seal cell-attached techniques 31 (41 GO seal) in current-clamp mode. A downward deflection signified outward (hyperpolarizing) Cl -current.
We tested the effects of THP on cell excitability by monitoring spiking using cell-attached patch recordings 31 18 . In all cases, the results from each mouse tested after restraint were expressed relative to the averaged results from the sham controls, which were matched to the stressed animals (age, genotype, sex, drug-injected), except that they were not subjected to restraint stress.
Statistics. All data are presented as mean ± s.e.m. Complete details on the statistical procedures are provided in the Supplementary Methods and Supplementary Tables 1-15 . We compared GABA-gated current before and after THP application to the same cell using the paired t-test. Comparisons between more than two groups were assessed using an analysis of variance (ANOVA) after we confirmed that the data followed a normal distribution with the Kolmogorov-Smirnov normality test. Unless otherwise noted, statistical significance was achieved when P o 0.05.
Note: Supplementary information is available on the Nature Neuroscience website.
